In order to develop innovative methods for the production of bioactive extracts with potential health benefits, enzyme-assisted extraction has been applied for the bioconversion of Ulva armoricana (Ulvales, Ulvophyceae). The extraction yields, chemical composition, the antioxidant and antiviral activities were determined to assess the efficiency of six commercial enzymatic preparations. Endoprotease treatments significantly increased the extraction yields compared to the control. The organic matter, neutral sugar and protein contents were increased in all extracts compared to an extraction with water, up to 2.0-fold, 2.7-fold and 1.75-fold, respectively. The samples prepared by a multiple-mix of glycosyl-hydrolases and an exo-β-1,3(4)-glucanase revealed activities against herpes simplex virus type-1 at the median effective concentration (EC 50 ) of 373.0 ± 20.7 and 320.9 ± 33.6 μg/ml, respectively. These activities were correlated to high amounts of rhamnose, uronic acids and sulfate groups which are the main constituents of ulvans. Free radical scavenging capacity at medium inhibition concentrations (IC 50 ) of 1.8 and 12.5 mg/ml was shown for the extracts produced with endo-protease treatments and 6.0 mg/ml for the sample resulting from the extraction with the multiple-mix of glycosylhydrolases. This study reports the antiviral and antioxidant activities of Ulva armoricana extracts produced by enzyme-assisted extraction.
Introduction

49
Macroalgal blooms occur worldwide, mainly caused by species from the phyla green algae (Chlorophyta). Therefore, the production of bioactive extracts could 72 represent a potential application for the valorization of algal blooms.
73
The algal cell wall is composed of two main classes of polysaccharides: (1) cellulose, 74 hemicelluloses, mannans and xylans which constitute the skeleton and (2) a species-75 specific matrix phase of water soluble polysaccharides [12, 13] . In Ulva sp., the matrix 76 phase contains ulvans composed of sulfated (sulfation 17 %) xyloarabinogalactans and 77 sulfated (sulfation 22 %) glucuronoxylorhamnans containing 20 % of uronic acids 78 [14, 15] . Lahaye and Robic [13] proposed that the two major repeating disaccharides of Traditionally, hot water, acids, bases, organic solvents or ultrasounds were used to 84 extract molecules from most bioresources; however, the enzymatic hydrolysis, an 85 effective and nontoxic procedure, is currently applied in various industrial applications.
86
Manufactured proteases are used in animal feed to improve the digestibility of proteins 87 and in the detergent industries. Glycosyl hydrolases are applied in food/vegetable and 88 starch processing, brewing, paper and pulp industries.
89
For the biorefinery of macroalgae, there is a trend to isolate new specific enzymes from 90 marine organisms, for the degradation of polysaccharides, like ulvan-lyases, 91 glucuronan-lyases, laminarinases, agarases, carrageenases or porphyranases [16] . These 92 enzymes have been isolated and produced at laboratory scales but they are not yet 93 available for industrial purposes. In this study, in order to develop an industrially 94 applicable technology, commercial enzymatic preparations have been selected.
95
EAE were compared to a control (Blank), treated in the same conditions and without 120 enzyme. The blank corresponds to a classical water extraction at 50 °C for 3 h. Extractions were performed in a bioreactor in which 500.0 g of crushed algae (8.3 % 125 dry matter, dm) and 500.0 g of Milli-Q water were mixed. The enzyme preparations 126 (6 % weight/dry weight, w/dw) were added to the algae and allowed to react during 3 h 127 at 50°C followed by denaturation at 90°C for 15 min. The pH of the reaction ranged 128 from 6.2 at the beginning of the reaction to 5.9 at the end. After extraction, the samples 129 were filtered, on a Buchner system using a synthetic cloth, and then centrifuged The addition of dry matter, proteins, carbohydrates etc. due to the addition of the 135 enzymatic preparations have been taken into account in the calculation both of 136 extraction yields and biochemical composition of the hydrolyzates. 1 to 5 mg/ml) was mixed with 5 ml of Folin Ciocalteu reagent (10 % in distilled water).
150
After 5 min, 4 ml of sodium carbonate (7.5 % in distilled water) were added. The 151 samples were incubated for 2 h at room temperature in darkness. The absorbance was 152 measured at 760 nm. A standard curve with serial gallic acid solutions (0 to 500 µg/ml) 153 was used for calibration. Results were expressed as g gallic acid equivalents (GAE) per 154 kg of extract. also been reported to be selectively isolated in an alkali-soluble phase [13, 14] .
278
The application of a basic (0.1 M NaOH) solution containing β-mercaptoethanol 279 produced the highest protein yield for the species Ulva rigida and Ulva rotundata [22] .
280
In this latter study, the use of enzymatic preparations (cellulase and polysaccharidases 281 mixture) appeared to be less efficient than aqueous solutions procedures. In this work, was assessed by the characterization of the biochemical composition. Table I shows the biochemical composition of extracts, after deducting the input from 300 the enzymatic preparations. The biochemical composition is expressed as the percentage 301 in the dry hydrolyzates and by the absolute weights (g) solubilized by the process.
302
The ash contents (% dw) ranged between 16.7 ± 2.1 and 18.6 ± 2.1 and were consistent 303 with the content found in the raw material. These levels correspond to the inorganic part 304 of the seaweed. They were increased in samples C4, P1 and P2 with a good correlation 305 with the extraction yields. The same trend was observed for total phenolic compounds,
306
indicating that the extraction of non-structural components (ash, total phenols) is 307 correlated with the extraction yields with no apparent effect of the extraction procedure.
308
The neutral sugars contents were higher in samples C1 and C3, 18.4 ± 0.8 and 18.3 ± 309 3.3 % dw, respectively. Conversely, the blank and the extract C2 contained the lowest 310 amounts, respectively 9.0 ± 1.2 and 8. 
430
Chromatograms also show that there were two groups of polysaccharides, with average 431 molecular weights of 2,000 kDa and 600 kDa, and a group of oligosaccharides (3 kDa).
432
The two groups of polysaccharides confirmed the presence of ulvans in samples and 433 correspond to the results reported by Robic et al. [29] describing the structure of ulvans.
434
The same study also described the molecular weights of ulvans ranging from 300 to 500 oxalate at 85°C for 2 h, which is described as the optimal condition for ulvan extraction.
439
The increase of polysaccharides and the corresponding carbohydrate compositions 440 confirm the enrichment in ulvans in the isolated fractions. (Table IV) . The free radical scavenging of the blank and the enzymatic extracts of Ulva armoricana 470 was estimated by the decrease in absorbance due to the reduction of the DPPH radical 471 by the extracts (Table IV) 
477
Some studies also reported that sulfated polysaccharides (ulvans) could also have an 478 antiradical effect [32] . According to the biochemical composition, the three bioactive 479 extracts are also the most concentrated in polyphenols, with respective concentrations of 480 0.8 %, 0.6 % and 1.0 %. Secondly, no significant differences appear, between these 481 samples and the others, in the ulvan content. Therefore, the antiradical activity could be 482 related to phenolic compounds but some further analyses, before and after specific 483 purification, would need to be realized in order to confirm this hypothesis.
484
Despite its low levels of antioxidant compounds, Ulva armoricana could be an 81-86.
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